Researchers have suggested that social media and online search data might be used to monitor and predict syphilis and other sexually transmitted diseases. Because people at risk for syphilis might seek sexual health and risk-related information on the internet, we investigated associations between internet state-level search query data (e.g., Google Trends) and reported weekly syphilis cases. Methods: We obtained weekly counts of reported primary and secondary syphilis for 50 states from 2012 to 2014 from the US Centers for Disease Control and Prevention. We collected weekly internet search query data regarding 25 risk-related keywords from 2012 to 2014 for 50 states using Google Trends. We joined 155 weeks of Google Trends data with 1-week lag to weekly syphilis data for a total of 7750 data points. Using the least absolute shrinkage and selection operator, we trained three linear mixed models on the first 10 weeks of each year. We validated models for 2012 and 2014 for the following 52 weeks and the 2014 model for the following 42 weeks. Results: The models, consisting of different sets of keyword predictors for each year, accurately predicted 144 weeks of primary and secondary syphilis counts for each state, with an overall average R 2 of 0.9 and overall average root mean squared error of 4.9. Conclusions: We used Google Trends search data from the prior week to predict cases of syphilis in the following weeks for each state. Further research could explore how search data could be integrated into public health monitoring systems. Syphilis is traditionally monitored through case reporting and prevalence monitoring.
S
yphilis is a nationally notifiable condition in the United States with increasing public health significance. 1 After reaching a historic low in 2001, rates of reported primary and secondary syphilis (the most infectious stages of syphilis) in the United States increased almost every year, with 2015 showing the highest recorded increase from the previous year at 19.4%. 2 Syphilis is traditionally monitored through case reporting and prevalence monitoring. 3 Although successful in identifying syphilis cases, current methods are subject to several limitations. One limitation requires people to interact with a health provider and be diagnosed in order for the case to be identified. As such, many infections are missed and case reports underestimate burden of disease. Although case reports reflect syphilitic infections diagnosed in all provider settings, the majority of prevalence monitoring occurs in high prevalence settings, such as jails and sexually transmitted disease (STD) clinics, and prevalence estimates may not be representative of the whole population. Another limitation includes a nontrivial investment of time and funds to conduct testing, surveys, and interviews, as well as to process, analyze, and report results. New methods are needed to help supplement current strategies and better monitor syphilis.
Internet technologies have the potential to mitigate some of the shortcomings of current health monitoring systems and might be used to supplement existing methods. The US Centers for Disease Control and Prevention has already created guidelines on best practices for using the internet and social media as an intervention tool for STDs. 4 Because a large percentage of people use the internet to search for health information, other internet technologies, such as search engine data, might be used as a tool for syphilis monitoring and prediction. 5 Recent research already suggests that internet search behavior might be useful for predicting public healthrelated events. 6 Google provides national-and state-level search engine query data for free via a web-based dashboard called Google Trends (https://www.google.com/trends/). In 2009, a study demonstrated that it was possible to predict influenza based on geography and time using Google's search query data 7 ; subsequent research improved modeling and addressed limitations of this initial study. 8, 9 A limitation of the subsequent research is that both studies focused on geographic scales that were relatively coarse (at the US nation-level or nine US influenza 8, 9 Other researchers have explored ways of using search query data to monitor infectious diseases [10] [11] [12] [13] [14] and search terms used in STD-related searches. 15 Additional studies have explored the use of internet technologies such as Yahoo 16 and databases 17 for illness surveillance. However, there is a lack of studies focusing on using Google Trends data to predict syphilis cases and at geographically finer state-level scale.
The primary purpose of the present study was to investigate whether Google Trends search data could be used to predict weekly state-level syphilis case reports in the United States. In addition, this study explored whether search data trained on the first 10 weeks of each year could be used to predict new cases of primary and secondary syphilis for the remaining weeks of the year.
METHODS
We collected weekly relative search volume data for 25 selected keywords from 1 January 2012 to 31 December 2014, for all 50 states using Google Trends. The 25 keywords consisted of drug-related and sexual risk-related keywords that may be associated with transmission and infection. Specific keywords are not included as per internal review board-related concerns about using this type of information to identify participants. 18 However, examples of similar keywords and phrases used include "sex"; "STD help," "find sex," and "sex without a condom"; "do I have an STD"; "symptoms of STD's"; and "how to find sex right now." The weekly relative search volume for each keyword is based on a random sample of all searches within the timeframe for each state and was normalized and then scaled from 0 to 100 by Google relative to the keyword with the highest weekly peak search volume.
This study focuses on cases of primary and secondary syphilis that represent recent infections. 1 Weekly county-level syphilis data for 2012 through 2014 were obtained from the Centers for Disease Control and Prevention (CDC) and aggregated to state level. The data were then merged by state and joined with the weekly Google Trends data; the processed dataset included 155 data points for each state, for a total of 7750 data points.
To assess whether Google Trends data could predict cases of reported syphilis by state, we implemented a linear mixed-effects model, a regression method that accounts for repeated measurements not only between groups (in our case states) but also within groups. 19 Least absolute shrinkage and selection operator (Lasso) was implemented as a supervised machine learning method to select the model input predictors from a larger set of possible predictors. Lasso shrinks the coefficients of less important features and minimizes the usual sum of squared errors via the regularization parameter lambda. 20 Whereas subset selection methods can produce different models from small data changes and result in lower prediction accuracy, Lasso is more robust to small changes in data by shrinking coefficients toward zero, which produces more stable models. 21 Additional advantages of Lasso over other variable subset selection methods, such as stepwise forward and backward propagation, include faster computational speeds and estimating predictor effects at the same time as variable selection. 20 Model iterations were trained using varying lambda values, with lambda values closer to zero usually yielding models with more predictors than models with larger lambda values. 22 Three models were trained on 10-week periods starting from the beginning of each of the three years (weeks 1-10; 53-62; 105-114) to assess how the models might change over time and to ascertain how well a short training period can predict a longer period of time. Parameters for each of the three models included training by method using maximum likelihood, standardized equal to true, and grouping by both state and week. The three models were each tuned by iterating between lambda parameter values of 1 and 100 and selecting the lambda associated with the model with the lowest Bayesian Information Criterion, which yields better fitting models. 23 The lambda parameter values with lowest Bayesian Information Criterion for the 2012, 2013, and 2014 models were 56, 53, and 98, respectively. The two models for 2012 and 2013 were assessed by validating on the 52 weeks following the training weeks. Due to limited data, the model for 2014 was assessed by validating on 42 weeks following the training weeks.
Normalized residuals plots for the initial trained models displayed heteroscedasticity and bias, which was improved by transforming the dependent variable (primary and secondary syphilis cases) using the natural log. 24, 25 Applying the natural log transformation and retraining the models with linear mixedeffects models Lasso produced more robust models due to relatively improved residual plots. Natural log transformation in regression introduced statistical bias; thus, bias correction was applied as part of the back-transformation. 26 The predicted values were then back-transformed using the exponential function and bias correction. To assess prediction errors, R 2 and root mean square error (RMSE) were then calculated after completing back-transformation with bias correction. R 2 was calculated by calculating a regression line between the actual and predicted primary and secondary syphilis counts. R 2 values range from 0 to 1 where a number closer to one is good. RMSE is calculated by taking the square root of the mean squared difference between actual and prediction primary and secondary syphilis counts. RMSE values can range from 0 to infinity where a number closer to 0 is considered good. This study was approved by the University of California, Los Angeles (UCLA) Institutional Review Board (IRB).
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The funder did not participate in the gathering, analysis, or interpretation of the data detailed in the article. periods and overall period used to assess each of the three natural log-transformed best fitting linear mixed-effects Lasso models. The 2012 model, validated for weeks 11-62, was tuned to minimize the Bayesian Information Criterion using a lambda value of 56. The model identified two predictors, which included two sexual risk-related keywords. The average R 2 between the predicted and actual count of primary and secondary cases for the 52 validation weeks was 0.9 (SD = 0.11), and the RMSE average was 4.2 (SD = 2).
The model for 2013, validated on weeks 63-114, resulted in a minimized Bayesian Information Criterion at a lambda value of 53 and identified two drug-related keywords and one sexual risk-related keyword. The validation period for this model resulted in an average R 2 of 0.89 (SD = 0.11); the RMSE average was 6.1 (SD = 2.9). The minimized Bayesian Information Criterion 2014 model, after validating on weeks 115-155 with lambda value of 98, identified three predictors, which included two sexual risk-related keywords and one drug-related keyword. This model resulted in an average R The week-by-week R 2 values of predicted and observed primary and secondary syphilis counts are displayed in Figure 1 . The overall average R 2 was 0.9 for the three years (weeks 11-155). The R 2 varied by week, with a relatively small SD of 0.09. The weekly RMSE between the predicted and observed primary and secondary syphilis counts is displayed in Figure 2 . The overall average RMSE throughout weeks 11-155 was 4.9. RMSE also varied each week, with an SD of 2. 
DISCUSSION
Our findings suggest that internet search data from Google Trends can be used to predict cases of syphilis. After identifying a method that used Google Trends data to predict weekly primary and secondary syphilis counts, we applied that model to a new set of syphilis data and found it predicted cases with high accuracy. The relatively high average R 2 and relatively low R 2 SD indicate that an association is likely to exist between Google Trends internet search data and syphilis case counts. Although relatively low, the overall average RMSE resulting from this study has the potential to be lowered further with future work to better predict syphilis cases. The RMSE SD indicates that future work may further improve week-by-week error by reducing variability, resulting in better predictions. Based on the average R 2 and RMSE, similar to the influenza studies, it is possible to predict in advance not only one or two weekly primary and secondary syphilis counts, but up to the following 52 weeks for each state using Google Trends internet search data. Our findings suggest that Google Trends data could be a new data source for researchers and organizations focused on addressing syphilis. In the United States, where syphilis is nationally notifiable, case reports of primary and secondary syphilis reflect diagnosed infections and are useful to inform disease intervention (e.g., ensuring patient treatment and partner notification). Supplementing case report data with extant data sources like Google Trends data may help enhance current surveillance by forecasting changes in the epidemic and informing targeted awareness campaigns. In parts of the world without routine syphilis case reporting, social media data may be useful as a surveillance platform to help monitor syphilis trends and inform prevention and control activities.
Freely available internet search data provided by Google Trends were used for this study. We used search query behavioral data based on the intuition that people who are at risk or who might have recently contracted syphilis would be likely to search for syphilis-related information online before diagnosis. Researchers and public health practitioners can further explore this psychology by accessing and analyzing recent Google Trends data, which could assist with predicting regions of concern for primary and secondary syphilis. Additional research on this topic could help to determine how organizations might use Google Trends data as a tool for prediction and targeted interventions. For example, researchers could explore the psychology behind why people search for syphilis and sexual health information, such as whether they search primarily for information related to experiencing potential symptoms, had heard of an outbreak on the news, or read other information to prompt the search. Additionally, as keyword predictors varied over time, additional research could investigate how searches may relate to current behavioral trends related to syphilis transmission (e.g., the role of drug use in sexual networks).
This study has several limiting factors. One major limitation is that the models were trained on reported cases of primary and secondary syphilis that likely underestimate true burden of disease. 27 That is, because the current model is designed to predict reported cases, and reported cases underrepresent actual infections, it is likely that the current predictive model underestimates true syphilitic infections by not accounting for unreported cases. Another limitation is that the participant sample was biased toward internet users who use the Google search engine. However, this bias is mitigated by the fact that as of March 2015, Google accounted for almost two-thirds (64.4%) of all internet search traffic, whereas the next most popular search engine accounted for only 20.1% of traffic during a given month. 28 It is also not known how many syphilis cases used the internet to seek health information before visiting a health care provider, and it is possible that search engine data of internet users may not be representative of syphilis cases. Another limitation is that Google Trends search data are only comprehensive at the state or country level. As a result, it is difficult to train primary and secondary syphilis models on smaller regions (e.g., county, city, or zip code), which would be useful for allocating limited resources to areas with the highest infection rates. Another similar limitation is that Google Trends search data are provided prenormalized (based on geography and time) and prescaled (0-100), which prevents aggregating state-level data to perform analysis by regions or urban versus rural areas. Furthermore, events and holidays may not be accurately modeled. The results indicate that it is possible that New Year's week altered users' internet search behavior patterns and/or how syphilis cases were recorded. In addition, the data used in this study did not contain subgroup information. This topic could be explored in future work. Finally, Google Trends data are provided as a random sample of all data from Google. Although this is a large random sample of data from people's searches across the United States, as with other random samples it is unknown whether and how models might change with the full dataset.
CONCLUSIONS
We found an association between freely available internet search query data and weekly reported cases of primary and secondary syphilis. Results suggest the need for further exploration on whether and how internet search data can be integrated into public health monitoring systems for sexually transmitted infections. In particular, these methods may be useful in areas outside of the United States without access to routine, case-based syphilis surveillance. It is our hope that the approach outlined in this paper, along with the collaboration between academic researchers and the CDC, will encourage additional work investigating the use of internet technologies for health-related research and partnerships between researchers and public health organizations.
